A suite of 91 expressed sequence tag (EST) derived cleaved amplified polymorphic sequence (CAPS) markers were developed and used for enriching the genetic maps of Eucalyptus urophylla and E. tereticornis built previously based on random amplified polymorphic DNA (RAPD) markers. The EST-CAPS markers were highly similar to original ESTs, with sequence identity ranging from 92.5 % to 100.0 %. In linkage analysis, 48 and 42 EST-CAPSs were integrated into the genetic maps of E. urophylla and E. tereticornis, respectively, including 13 shared by both maps, while 14 were unmapped. For E. urophylla, the final map had a total length of 1789.5 cM and a mean interval between markers of 9.7 cM, being 284.9 cM larger and 1.3 cM less than those of the prior RAPD map, respectively. For E. tereticornis, the final map had a length of 1488.1 cM and a mean interval of 10.3 cM, being 452.4 and 0.2 cM more than the prior map, respectively. All the 77 newly mapped EST-CAPSs found each at least one homologue in the E. grandis genome sequence released recently, and conserved synteny and colinearity were observed between E. grandis genome and our linkage groups. The enriched maps would provide a set of useful markers for genome analysis, comparative mapping and fine-mapping of important genes located in conserved regions for the important tree genus Eucalyptus.
Introduction
The availability of a wealth of expressed sequence tags (ESTs) for many species, in publicly accessible databases in particular, has facilitated the development of sequence tagged site (STS) markers, such as ESTderived simple sequence repeats (EST-SSR), insertion/ deletion (EST-indel) and single nucleotide polymorphism (EST-SNP). Besides the advantages of STSs in high reproducibility, specific genomic locality and co-dominant nature, EST-based markers represent genic regions of the genome and are likely to be conserved and transferable across taxa (VARSHNEY et al., 2005; ELLIS and BURKE, 2007) , thus providing great potential for comparative mapping, direct gene tagging of quantitative trait loci (QTLs) and functional diversity studies. To date, a large number of EST-based STS markers have been developed in plants, e.g. EST-SSRs and EST-indels in sunflower (Helianthus annuus L.; HEESACKER et al., 2008) as well as EST-SNPs in apple (Malus ϫ domestica Borkh.; CHAGNÉ et al., 2008) .
SNPs are the most abundant type of genetic polymorphisms in genomes of most organisms and constitute the commonest class of DNA-based molecular markers for a wide range of applications (CHO et al., 1999; SHERRY et al., 2001; RAFALSKI, 2002; KIM and MISRA, 2007; SLATE et al., 2009) . Their biallelism makes them easy to be genotyped with cost-and throughput-flexible assays (JONES et al., 2009) , including cleaved amplified polymorphic sequence (CAPS; also known as polymerase-chain-reaction (PCR) based restriction fragment length polymorphism (RFLP), PCR-RFLP). CAPS utilizes restriction enzymes to digest DNA fragments amplified by PCR and displays the polymorphic pattern at one or more restriction sites through agarose gel electrophoresis (KONIECZNY and AUSUBEL, 1993) . Though the CAPS method has a limited throughput and is applicable to a limited number of SNPs (KIM and MISRA, 2007) , it is one of the most affordable SNP genotyping approaches for common laboratories due to technical simplicity and cost effectiveness (VARSHNEY et al., 2007) . CAPS has shown to be capable of detecting polymorphism of PCR products and thus useful for a wide spectrum of studies in plants, such as genetic map construction (e.g. GUJARIA et al., 2011) and candidate gene tagging (e.g. STANIASZEK et al., 2007) .
Trees of the genus Eucalyptus L'Hérit (Myrtaceae) constitute the most widely planted hardwoods around the world and have a wide range of industrial applications (FAO, 2000) . They are usually diploid (2n = 22) with a relatively small genome size (370-700 Mb/C; GRATTA- PAGLIA and BRADSHAW, 1994) . Thus far, many efforts have been made to develop genetic and genomic resources for the taxon, including genetic linkage maps (e.g. GAN et al., 2003; BRONDANI et al., 2006; NEVES et al., 2011 ), EST collections (e.g. KELLER et al., 2009 (HUDSON et al., 2012; KULLAN et al., 2012; PETROLI et al., 2012) . As such, the addition of functional markers would be helpful for not only increasing map density and coverage but also creating comparative maps. Moreover, with the recent release of E. grandis whole genome sequence (http://www. phytozome.net/eucalyptus.php), sequence-tagged functional markers would provide anchor loci to physical maps and whole genome sequences in a map-based gene cloning program.
Here we present the development and sequence validation of 91 EST-CAPS markers in Eucalyptus as well as their integration into previously built linkage maps of E. urophylla and E. tereticornis Smith. We then use the mapped markers to evaluate the extent of genetic/physical synteny and colinearity between the model E. grandis genome sequence and our maps. The objectives were to improve the coverage of the previous maps and provide highly transferable markers for utility in comparative mapping among Eucalyptus species and physical anchoring of genomic regions of interest.
Materials and Methods

EST sources and primer design
A set of 3134 Eucalyptus EST accessions were downloaded from dbEST of GenBank (as of 19 December 2005; http://www.ncbi.nlm.nih.gov/dbEST/) and assembled using PHRAP (http://bozeman.mbt.washington. edu/phrap.docs/phrap.html). All the unigenes were subject to primer design with Primer 3 (ROZEN and SKALET-SKY, 2000) following the criteria: primer length 18-22 bp (optimal 20 bp), T m 55-65°C (optimal 60°C, delta T m < 1°C), GC content 40-60%, target PCR product 100-500 bp and low probability of dimer or hair-pin loop formation. Primer sets were synthesized by Invitrogen Co. (Shanghai, China).
Plant material, PCR amplification and CAPS genotyping
The mapping population of E. urophylla (P 1 , UX-30) ϫ E. tereticornis (P 2 , T4305) was as established previously (82 sibs; GAN et al., 2003) . PCR reaction of 10 µL consisted of 1.0 µL 10ϫ buffer (100 mM Tris-HCl pH9.0, 100 mM KCl, 80 mM (NH 4 ) 2 SO 4 and 0.5 % NP-40), 200 µM each dNTP, 2.5 mM MgCl 2 (except for 3.25 mM in EUCeC86), 0.5 µM forward primer, 0.5 µM reverse primer, 1 U Taq DNA polymerase (Biocolors Technology Co., Shanghai, China) and about 5 ng DNA template. The reaction was amplified in 96-well plates on DNA Engine thermal cycler (Bio-Rad, Hercules, CA, USA) under the following program: 94°C for 4 min; 35 cycles of 94°C for 30 s, 56°C (except for 60°C in EUCeC56 and EUCeC86) for 30 s, and 72°C for 1 min; and a final extension at 72°C for 10 min. The PCR products were checked through electrophoresis in 1.2 % agarose gels containing 1 : 20 GoldView (SBS Genetech Co., Beijing, China), and only those each with obviously single amplicon were used for subsequent CAPS experiment.
Twelve enzymes were employed for CAPS restriction digestion, namely, HaeIII, Hinf I, MspI, MvaI, DraI, PvuII, TaqI, RsaI, BamHI, PstI, XbaI and XhoI (Fermentas International Inc., Burlington, Canada). The digestion reaction (10 µL) consisted of 5.0 µL PCR products, 1.0 µL 10ϫ buffer and 2.5 U enzyme. The digestion was performed at the supplier's recommended temperature for 2-3 h. Digested products were detected by 2.5% agarose gel electrophoresis and sized by comparison to a 100 bp ladder standard (Fermentas International Inc.).
EST re-sequencing and sequence analysis
Re-sequencing was conducted for those ESTs against P 1 and/or P 2 from which CAPS markers were generated. PCR products were directly sequenced using BigDye Terminator Version 3.1 (BDT3.1) on ABI 3130xl genetic analyzer (Applied Biosystems, Foster City, CA) following an optimized protocol (ZHANG et al., 2009) . When necessary, PCR products were cloned into pGEM-T Easy vector (Promega Co., Madison, WI, USA), transformed with DH5␣ (Escherichia coli (Migula) Castellani et Chalmers) and sequenced.
The nucleotide sequences generated in re-sequencing were aligned with the original ESTs using DNAMAN version 5.2.2 (Lynnon Biosoft, Quebec, Canada). Withinindividual SNPs and correspondence to a specific restriction enzyme were investigated manually. Functional annotation for the ESTs was obtained by BlastX searches against NCBI database of non-redundant protein sequences with a cutoff expectation (E) value of 10 -5 .
Linkage analysis and comparison with E. grandis genome
The EST-CAPS markers were tested for Mendelian inheritance using goodness-of-fit 2 test (P < 0.05) in SAS/STAT ® version 8.0 (SAS institute Inc., Cary, NC) and combined with the previous set of RAPD (GAN et al., 2003) and SSR markers (LI and GAN, 2011) . The linkage analysis was performed with Mapmaker 3.0b (LINCOLN et al., 1992) following the same procedure as per LI and GAN (2011) , and the designation and orientation of each linkage group established by GAN et al. (2003) were maintained for consistency.
The original EST sequences of the mapped CAPS markers were then aligned in software DNAMAN 5.2.2 (Lynnon Biosoft) with the unigenes mapped as SFP markers in E. grandis full map (NEVES et al., 2011) . Also, the new genetic maps were compared with the recently released genome sequence of E. grandis by aligning marker sequences with BlastN at an E-value of 10 -20 and the least sequence identity of 90.0 %, and the results were displayed using GridMap 3.0a program (http://cbr.jic.ac.uk/dicks/software/Grid_Map/). When a marker provided multiple matches, only the best hit with an E-value less than one tenth of the next hit was assigned. 
Results and Discussion
Primer design, PCR amplification and EST-CAPS marker development
The 3134 Eucalyptus ESTs were assembled into 2404 unigenes, including 227 contigs and 2177 singletons. A total of 1981 primer pairs were successfully designed and synthesized based on the unigenes while primer design was not available for the rest ESTs because of too short or inappropriate sequences.
Effective PCR amplification of an apparently singlelocus amplicon was revealed for 1334 (67.3 %) out of the 1981 primer pairs synthesized, whereas the remaining 647 (32.7 %) failed in amplification, leading to no or very weak product or more than one fragments. PCR products from genomic DNA ranged from 100 to 3500 bp in size (data not shown), averaging at 586 bp. Totally 743 (55.7 %) of the effective amplicons were measurably larger (approximately 51-3164 bp) than the corresponding EST length expected, indicating the presence of one or more introns.
Digestion of the effective amplicons resulted in production of a total of 91 (6.8 %) EST-CAPS markers, each of which represented at least one fragment being polymorphic between the two parents P 1 and P 2 and segregating among the sibs ( Table 1) . Of the 91 markers, 38 and 38 showed polymorphic alleles unique for P 1 and P 2 , respectively, while 15 showed polymorphic alleles for both parents by digestion with one or two restriction enzymes. The 91 EST-CAPS markers were deposited in Probe database of GenBank with IDs 12325920-12326010 (Table 1 ; http://www.ncbi.nlm.nih. gov/probe). Goodness-of-fit 2 test indicated that one and three markers showed segregation distortion in P 1 and P 2 (P ≤ 0.05; Table 1), respectively, and were excluded in the subsequent linkage analysis except for EUCeC6 in P 2 and EUCeC91 in P 1 , which segregated normally in the alternative parent.
The frequency of ESTs converted to CAPS markers is noticeably lower than those previously reported, e.g. 31% in outcrossing conifer suji (Cryptomeria japonica D. Don, 32 enzymes; IWATA et al., 2001 ) and 19.0 % (53/279) in self-pollinating legume chickpea (Cicer arietinum L., 26 enzymes for an inter-specific mapping population; GUJARIA et al., 2011) . This discrepancy could be attributed mainly to the relatively small number of enzymes used herein besides the parental genetic heterozygosity per se, implying the great potential of marker development with application of additional restriction enzymes.
Integration of EST-CAPS makers into genetic maps
In linkage analysis, 48 and 42 EST-CAPS markers were incorporated into the prior genetic maps of E. urophylla and E. tereticornis, respectively (GAN et al., 2003; LI and GAN, 2011) , including 13 shared by both maps (Figure 1) , while 14 (15.4 %) could not be linked. For E. urophylla, the 48 mapped markers were assigned to 17 previous linkage groups (Eu_LG1 -Eu_LG21 except Eu_LG4, Eu_LG13, Eu_LG17 and Eu_LG19), each of which included 1-7 new markers. The final map of E. urophylla had a total length of 1789.5 cM and a mean interval between markers of 9.7 cM, which were 284.9 cM larger and 1.3 cM less than those of the RAPD based map (GAN et al., 2003) , respectively. For E. tereticornis, the 42 markers were allocated to 17 previous linkage groups (Et_LG01 -Eu_LG21 except Et_LG10, Et_LG11, Et_LG17 and Et_LG19), each containing 1-6 new markers. The final map of E. tereticornis had a length of 1488.1 cM and a mean interval of 10.3 cM, being 452.4 and 0.2 cM more than those of the RAPD map (GAN et al., 2003) , respectively.
Together, 37 and 27 EST-CAPS markers were interspersed among the RAPD markers of prior P 1 and P 2 maps, respectively, which would be helpful for reducing the magnitude of the gaps and thus saturating the maps. Meanwhile, one to four EST-CAPS markers were added to the ends of 13 linkage groups (Eu_LG2, Eu_LG12, Eu_LG14, Eu_LG16, Eu_LG20, Eu_LG21, Et_LG7, Et_LG9, Et_LG13, Et_LG15, Et_LG16, Et_LG18 and Et_LG20), extending the length by 1.7 (Eu_LG16) to 72.5 cM (Eu_LG12) each as well as 154.0 and 149.1 cM in total for P 1 and P 2 , respectively. Specifically, both ends of Eu_LG12 were extended by a total of 85.8 cM, a substantial increase over the previous group that had been composed of only nine markers covering 53.7 cM. The novel end regions of the genome are shown with grey bars in Figure 1 . Nevertheless, both maps can not be considered saturated yet with the addition of EST-CAPS markers as the number of linkage groups was still far beyond the cytogenetic chromosome number 11 and many gaps between adjacent markers remained, e.g. nine gaps greater than 30 cM across seven linkage groups (Eu_LG2, Eu_LG5, Eu_LG6, Eu_LG12, Et_LG7, Et_LG8 and Et_LG12).
The 13 EST-CAPS markers in common for the two parental maps help to identify the homologous linkage groups. Seven homologous cases were found between eight linkage groups of P 1 and nine groups of P 2 , including three linkage group pairs of one parent homologous to single linkage groups of the alternative parent (Eu_LG2 and Eu_LG10 vs. Et_LG2, Et_LG14 and Et_LG16 vs. Eu_LG9 and Et_LG6 and Et_LG13 vs. Eu_LG12). This will allow attempts to merge the homologous groups. On the other hand, rearrangements with respect to the loci shared by both parental maps were observed in three regions, namely, EUCeC55 -EUCeC57, EUCeC63 -EUCeC69 and EUCeC66 -EUCeC28, where two markers linked closely in one parent were separated into independent linkage groups in the alternative parent or vice versa. However, these rearrangements may represent real chromosomal translocation or duplication or be caused by mapping artifact, which need further investigations.
EST-CAPS markers have proven to be efficient in genetic mapping in perennial conifers (HARRY et al., 1998; IWATA et al., 2001 ) and annual plants (MIURA et al., 2007; GUJARIA et al., 2011) . However, their usefulness has not been explored in broad-leaved trees yet. This study represents a valuable attempt in this respect with an important broad-leaved genus Eucalyptus and corroborates the advantages of the marker technology. The genetic map of E. tereticornis is the first that contained transcript-based genic markers, though a highdensity transcript map of E. urophylla has been report- Yu et. al.·Silvae Genetica (2012) 61-6, 247-255 Table 1 . -The 91 EST-CAPS markers developed in this study and their functional annotations. P 1 , E. urophylla; P 2 , E. tereticornis. . As genic markers tend to be transferable across taxa (VARSHNEY et al., 2005; ELLIS and BURKE, 2007) , the EST-CAPS markers mapped herein may be potential anchor loci for comparative genome analysis and QTL mapping in a genus context. Moreover, the technical simplicity, cost efficiency and co-dominance nature of the marker type may help to extend readily the technology to other eucalypts in common laboratories, which will facilitate the rapid accumulation of genome mapping data and strengthen the understanding of genome evolution in Eucalyptus.
Sequence validation and comparative analysis with E. grandis genome
Because non-specific priming can lead to unwanted PCR products (CHA and THILLY, 1995; KUNKEL and BEBENEK, 2000) , it is necessary to validate the sequence fidelity of the mapped markers to the original ESTs. Sequence alignment revealed that 104 out of the 106 amplicons (76 markers for P 1 or P 2 plus 15 for both parents) were highly similar to the original ESTs (Table 1) , with sequence identity ranging from 92.5 % to 100.0 %, whereas the other two (EUCeC75 with P 1 and EUCeC79 with P 2 ) could not be aligned because of sequencing of the intron regions. Also, the restriction sites were identified from the amplicon sequences, with nine exceptions (EUCeC4, EUCeC14, EUCeC19, EUCeC34, EUCeC40, EUCeC41, EUCeC52, EUCeC61 and EUCeC74) which produced only one allelic sequence with the digestion site(s) traceable (the former seven) or not (the latter two; genomic sequences available upon request). In addition, BlastX searches against NCBI database of non-redundant protein sequences showed that 88 (96.7%) of these 91 ESTs were homologous to known genes and 1 (1.1%) corresponded to a hypothetical protein at a threshold of E-value less than 10 -5 while only 2 (2.2%) produced no significant match ( Table 1) .
Only four EST markers (EUCeC34, EUCeC54, EUCeC69 and EUCeC80) were in common with the E. grandis reference map (NEVES et al., 2011) , with sequence identity more than 98.0 % (data not shown). Even though the small number of common markers a The underlined bold number denotes the approximate size of the fragment scored for segregation among the mapping population. * Segregation distortion at 0.05 significance level (four markers EUCeC6, EUCeC73, EUCeC76 and EUCeC91). NA, not available due to re-sequencing of the intron(s) only (two markers EUCeC75 and EUCeC79). Figure 1. -Integration of EST-CAPS markers into the RAPD based genetic maps of E. urophylla and E. tereticornis constructed previously (GAN et al., 2003) . The cumulative distances in centiMorgans (Kosambi) are given at the left of the bar for E. urophylla (Eu) and the right for E. tereticornis (Et) linkage groups. Grey bars show the novel end regions of the genome. The asterisk indicates segregation distortion (marker EUCeC6; P < 0.05). made detailed comparative analysis difficult, they helped to anchor the homologous linkage groups, namely, our Eu_LG9, Eu_LG2, Et_LG4 and Eu_LG8 to LG7, LG8, LG8 and LG9 of NEVES et al. (2011) , respectively.
In BlastN homology searching, all the 77 mapped CAPS markers found each at least one homologous locus in E. grandis genome sequence (identity from 90.6 % to 100 % and E-value less than 1e -59
; data not shown), including 76 corresponding to the 11 main scaffolds assembled and one (EUCeC44) to the small scaffold 17. Seven markers (EUCeC36, EUCeC54, EUCeC66, EUCeC67, EUCeC69, EUCeC78 and EUCeC81) had multiple homologues in the E. grandis genome. Such markers were deemed unsuitable for comparative mapping (NELSON et al., 2006) and removed from further comparative analysis. In total, there were 45 and 38 correspondences in E. urophylla and E. tereticornis, respectively, as compared with E. grandis genome. Figure 2 provides a global view of similarity between our linkage groups and E. grandis main scaffolds based on the homologous loci.
Extensive syntenic relationship was observed between E. grandis genome sequence and either of our linkage maps. For example, the majority of markers from a linkage group of E. urophylla or E. tereticornis found their matches within the same scalffold of E. grandis genome. However, non-syntenic markers were observed in Eu_LG1, Eu_LG3, Eu_LG14, Et_LG1, Et_LG2 and Et_LG7, each of which corresponded to two or three E. grandis scalffolds (Figure 2) . Occurrence of non-synteny was also found between E. grandis genome assembly and genetic maps of E. urophylla, E. grandis and E. globulus (HUDSON et al., 2012) . Though no sufficient supportive evidence is available, non-synteny between genomes may be resulted from mapping errors or genomic mechanisms, e.g. translocation (transposable element activity) and duplication (NELSON et al., 2010; HUDSON et al., 2012) . Moreover, colinearity was also observed between E. grandis genome and our maps. In total, as compared to E. grandis genome, seven and six colinear blocks sharing the order of at least three loci were identified in E. urophylla and E. tereticornis genetic maps, respectively, each containing 3-6 loci (data not shown). Such colinearity could form the basis for marker-assisted selection and be used to direct the fine-mapping of important genes located in conserved regions (NELSON et al., 2006) . Yu et. al.·Silvae Genetica (2012) [247] [248] [249] [250] [251] [252] [253] [254] [255] 
